INTRODUCTION
============

Stress is defined as any situation capable of perturbing physiological or psychological homeostasis \[[@B1]\]. The response to stress involves the activation of the hypothalamic-pituitary-adrenocortical (HPA) axis, and psychological stress appears to be a more potent activator of the HPA axis. The HPA system, which releases glucocorticoids, and the sympathetic adrenomedullary system, which releases catecholamines, act as integrated units controlling stress responses \[[@B2]\]. It has been shown that psychological stress can induce dysfunctions in the nervous system, including cognitive impairment, anxiety, and insomnia \[[@B3]\]. Recent studies have shown that both intense acute and chronic stress can have detrimental neurocognitive effects \[[@B4][@B5]\], and repeated stress induces neurochemical and neuroanatomical changes in the brain, mainly in the HPA axis \[[@B6]\]. Memory and learning performances were also observed to decrease under chronic stress \[[@B7]\].

Oxidative stress, reflecting the accumulation of oxygencontaining free radicals, increases with aging and may play a critical role in age-related functional deficits of the brain \[[@B8][@B9]\]. The brain is particularly prone to oxidative damage owing to its high rate of oxygen consumption \[[@B10]\]. Therefore, it has been proposed that strategies improving the antioxidant defenses may prevent some of the effects of aging \[[@B11]\]. Research suggests that polyphenolic compounds contained in colorful fruits and vegetables exhibit potent antioxidant activity that reduces the age-related sensitivity to oxidative stress \[[@B12]\] and may be involved in protecting cognitive functions \[[@B13]\]. A large number of dietary supplements using flavonoid-rich foods have demonstrated beneficial effects on memory and learning in both animals and humans \[[@B14][@B15][@B16]\]. In particular, blueberries (fruits of *Vaccinium uliginosum* L. and various other *Vaccinium* species) are one of several fruits with high levels of polyphenolic flavonoids and anthocyanins, which have a high antioxidant power \[[@B17]\]. Blueberry supplementation was effective in reversing cognitive declines in aged rats \[[@B18]\]. In aged rats fed blueberries for eight weeks, unmetabolized forms of anthocyanins were found in the cerebellum, hippocampus, cortex, and striatum \[[@B19]\]. Twelve-week blueberry supplementation in aged rats improved age-related deficits in cognitive and motor functioning \[[@B20]\].

Recently, the majority of studies have focused on the cognitive effects of flavonoid-rich foods in aged animals \[[@B13][@B21]\] and transgenic mouse models of Alzheimer\'s disease \[[@B20]\]. Only a few studies have investigated cognitive functions in young/adult rodents, and recent data suggest that flavonoids are capable of inducing cognitive improvements in young and healthy animals \[[@B22][@B23]\]. Dietary blueberry supplementation prevented deficits in the learning performance in adult rats and protected against neuronal loss induced by injections of kainic acid to the hippocampus \[[@B24]\] or by ^56^Fe particle irradiation \[[@B25]\]. It also improved the performance in memory tasks with protective effect on DNA in the hippocampus and cerebral cortex \[[@B26]\]. However, the effect of blueberries on the cognitive dysfunction induced by chronic mild stress has not been studied yet.

The aim of this study was to investigate the effects of eight-week administration of a blueberry drink on the cognitive performance in 12-week-old rats exposed to chronic mild stress. Loss of cognitive abilities during aging is a complex process that starts to become evident during middle age in rats (12-24-month-old), even in the absence of a specific neurodegenerative disease \[[@B27]\]. In the present study, a chronic mild stress model \[[@B28][@B29]\] was used to provide a realistic simulation of the stresses of daily life. After the rearing stage, the cognitive function of rats was assessed using a multiple T-maze water test. The levels of antioxidants (superoxide dismutase, catalase, glutathione peroxidase, and ascorbic acid) were measured in the brain, and catecholamine levels were measured in plasma.

MATERIALS AND METHODS
=====================

Materials
---------

A freeze-dried 100% wild blueberry powder was purchased from Bactolac Pharmaceutical, Inc. (Hauppauge, NY, USA). A blueberry drink was prepared by adding the blueberry powder to fresh tap water (PurePlus, Inc., Incheon, Korea). Assay kits for catalase (CAT), glutathione peroxidase (GPx), and superoxide dismutase (SOD) were purchased from Cayman Chemical Company (Ann Arbor, MI, USA). The standard of ascorbic acid was purchased from Sigma-Aldrich (St. Louis, MO, USA), and all reagents used in ascorbic acid analysis were high-performance liquid chromatography (HPLC) grade. Catecholamines were measured using the 3-CAT plasma enzyme-linked immunosorbent assay (ELISA) kit from Labor Diagnostika (Nord, Nordhorn, Germany).

Animals and experimental design
-------------------------------

Twelve-week-old male Sprague-Dawley rats (Hanlim Experimental Animal Laboratory, Seoul, Korea) weighing 470 ± 10 g were fed a laboratory diet. The animals were kept individually and housed in a temperature-controlled room (24 ± 1℃) with a relative humidity of 50-60% and a 12/12 h light/dark cycle (lights on at 6:00 a.m.). The rats had *ad libitum* access to food in the form of dry pellets (Purina, Nestle Purina PetCare Korea, Ltd., Seoul, Korea) and fresh tap water. The study protocol was approved by the Committee on Animal Welfare Regulations of Chung-Ang University (IRB 14-70).

After acclimation to laboratory conditions for one week, the rats were randomly divided into four groups (n = 12 per group): a control group (CO, no chronic mild stress/tap water), a blueberry drink only group (CO + B, no chronic mild stress/5% blueberry drink), a stress only group (ST, chronic mild tress/tap water), and a stress + blueberry drink group (ST + B, chronic mild stress/5% blueberry drink). To prepare a 5% blueberry drink, 5 g of the blueberry powder was mixed daily with 100 mL of tap water and then stirred with a magnetic stir bar under protection from light until completely dissolved. The blueberry drink was provided to the CO + B and ST + B groups instead of the regular drinking water, and the water bottles for the groups were wrapped in aluminum foil to protect from light in order to prevent the destruction of bioactive compounds.

Feed and water consumption was recorded daily, and the rats were weighed weekly. A feed efficiency ratio (FER) was also calculated. All animals were maintained under the appropriate experimental conditions for eight weeks before performing the multiple T-maze water test.

Chronic mild stress model
-------------------------

The chronic mild stress model was slightly modified from those described previously for rats by Willner et al. \[[@B28]\] and for mice by Monleon et al. \[[@B29]\]. Briefly, the rats were subjected to the following stressors (one or two in any 24-h period): one period of food deprivation (8 h), one period of water deprivation (16 h), two periods of overnight illumination (12 h), one period of cage exchange (17 h), two periods of a 45° cage tilt (7 h/17 h), one period of soiled bedding (200 mL of water per cage; 17 h), or one period of no stress (24 h). [Table 1](#T1){ref-type="table"} shows the timing and length of all the stressors used in the chronic mild stress protocol. All the individual stressors used have been classified as \"mild\" according to the Animals (Scientific Procedures) Act of 1986 (UK legislation) \[[@B28]\]. The stressors were scheduled throughout the eight weeks before the water maze test.

Multiple T-maze water test
--------------------------

The multiple T-maze water test was based on the method of Ishizaki \[[@B30]\]. The apparatus (130 cm long, 130 cm wide, and 30 cm deep) was designed with both the T-maze and a straightaway course. Warm water (18 ± 1℃) was poured into the maze to a depth of 20 cm so that the rats were able to swim, and the temperature of the room was kept at 18 ± 1℃. The maze testing began two months after the beginning of the experiment. The rats were trained to swim over three trials on one day in the straightaway course and then underwent three trials per day for two days with the T-maze. The time the rats took to finish the T-maze and the number of errors they made when they entered the blind alley of the T-maze were measured.

Sample collection
-----------------

After completing the multiple T-maze water test, the rats were anesthetized with diethyl ether, and blood was collected from the heart and immediately placed on ice. The whole intact brain was then carefully removed and placed in an ice-chilled Petri dish. The brain was weighed and washed with isotonic saline. The blood was collected into ethylenediaminetetraacetic acidcoated tubes and centrifuged at 3,000 rpm for 15 min at 4℃. The plasma was transferred into 1.5-mL microtubes for catecholamine analysis. All samples were stored at -80℃ until analysis.

Analysis of antioxidant enzyme activities and ascorbic acid in brain tissue
---------------------------------------------------------------------------

SOD, CAT, and GPx activities in the brain were measured using their respective assay kits. The total ascorbic acid in the brain was measured using an HPLC method \[[@B31][@B32]\].

Determination of plasma catecholamines
--------------------------------------

Plasma norepinephrine, epinephrine, and dopamine concentrations were quantified using the 3-CAT plasma ELISA kit.

Statistical analysis
--------------------

Statistical analysis was performed using the SPSS for Windows 19.0 software (SPSS, Inc., Chicago, IL, USA). The effects of the chronic mild stress, blueberry drink, and their interaction were tested using two-way analysis of variance (ANOVA), followed by Fisher\'s least significant difference (LSD) test. Results were considered statistically significant at *P* \< 0.05. Data are presented as the mean ± standard error of the mean (SE).

RESULTS
=======

Body weight, brain weight, and water and food intake
----------------------------------------------------

There were no significant differences in the final body and brain weights at the end of the experiment between the CO and CO + B groups (*P* ≥ 0.05). However, the brain weights of the rats from the ST and ST + B groups were significantly lower than those of the rats from the CO and CO + B groups ([Table 2](#T2){ref-type="table"}). No significant interactions were observed between the stress and blueberry drink regarding the final body and brain weights. The feed intake and water intake were both affected by the stress and blueberry drink. The ST + B group had the lowest feed intake as well as the lowest FER. The water intake was significantly affected by the chronic mild stress and blueberry drink. The water intake in the ST group was significantly lower than that in the other groups. There were no significant interactions between the stress and blueberry drink regarding the feed intake, FER, and water intake. The rats consumed the blueberry powder at approximately 5.5 g/kg of body weight daily.

Mean time and errors in the multiple T-maze water test
------------------------------------------------------

[Fig. 1](#F1){ref-type="fig"} shows the effects of the chronic mild stress and blueberry drink on the mean time needed to reach the goal in the multiple T-maze water test over two days. The time to reach the goal was significantly affected by the chronic mild stress but not by the blueberry drink, and there was a significant interaction between the stress and blueberry drink regarding the time spent to reach the goal (*P* \< 0.05). On the first day of the test, the mean time to reach the goal was significantly longer in the ST group than in the other groups. However, the time for the ST + B group was similar to that of the CO and CO+B groups. On the second day of the test, the ST + B group showed the shortest time spent to reach the goal among the groups, and the time was significantly shorter than that of the ST group.

The numbers of errors that the rats made when they entered the blind alley of the multiple T-maze are shown in [Fig. 2](#F2){ref-type="fig"}. The number of errors was only affected by the stress on the first day. No interactions between the stress and blueberry drink were observed with regard to the total number of errors in the multiple T-maze water test. The number of errors in the ST group was significantly higher compared to those in the other groups, similar to the mean time required to reach the goal on the first day of the test. Under chronic mild stress, the blueberry drink significantly decreased the total number of errors.

Brain SOD, CAT, GPx, and ascorbic acid concentrations
-----------------------------------------------------

The effects of the chronic mild stress and blueberry drink on the brain SOD, CAT, GPx, and ascorbic acid levels are shown in [Table 3](#T3){ref-type="table"}. The brain SOD and CAT concentrations were not affected by the stress or by the blueberry drink. The GPx and ascorbic acid concentrations were significantly increased by the blueberry drink supplementation. The chronic mild stress only affected the brain ascorbic acid level. The concentrations of GPx and ascorbic acid in the ST group were significantly lower than those in the ST + B group (*P* \< 0.05).

Plasma catecholamine concentrations
-----------------------------------

The plasma norepinephrine levels were affected by the blueberry drink. The concentration in the ST group (167.28 ± 68.71 pg/mL) was significantly increased by the blueberry drink supplementation (425.09 ± 64.78 pg/mL in the ST + B group) ([Table 4](#T4){ref-type="table"}). The plasma epinephrine and dopamine values were affected by the chronic mild stress, and both concentrations in the ST group were significantly lower than those in the ST + B group. The plasma dopamine concentration was increased by the blueberry drink supplementation from 364.57 pg/mL in the ST group to 765.80 pg/mL in the ST + B group. No significant interactions between the chronic mild stress and blueberry drink were observed with regard to the plasma catecholamine concentrations.

DISCUSSION
==========

Recently, there has been an increase in diseases related to psychological stress, and thus, more attention has been given to the prevention of stress-induced injuries. Stress is associated with the activation of the HPA axis. The hippocampus is critical for the learning, consolidation, and retrieval of declarative memories. It is also important for the formation of spatial memory \[[@B33]\]. Thus, the stress-induced impairment of learning and memory is related to the suppression of hippocampal neurogenesis, and one of the reasons why chronic stress suppresses hippocampal neurogenesis is that it increases the oxidative stress \[[@B34]\]. Research has focused on whether ingestion of antioxidants leads to the reduction of oxidative stress and to the improvement in impaired cognitive function. Therefore, this study investigated the antioxidant activities and neuroprotective effects of a blueberry drink on the cognitive impairment induced by chronic mild stress in Sprague-Dawley adult rats.

Exposure to stress situations can influence the feeding behavior, which results in changes of body weight of rats \[[@B35]\]. In this study, the ST and ST + B groups showed a reduced feed intake and a decreased body weight. The blueberry drink did not restore the feed intake, nor did it ameliorate the body weight loss caused by the chronic stress. The water intake in the ST group was significantly lower than that in the other groups, which might have resulted from water deprivation (16 h/week) under the mild stress conditions. However, the liquid intake in the ST + B group did not differ from that in the CO and CO + B groups; therefore, the blueberry drink in the current study improved liquid drinking by the stressed animals. Thus, similar amounts of the blueberry powder (5.76 and 5.55 g/kg of body weight) were consumed by the CO + B and ST + B groups, respectively, in this study, although the ST + B group had a period of liquid deprivation during mild stress.

Various studies have used the multiple T-maze test for analyzing spatial memory in mice and rats \[[@B36][@B37]\]. The advantage of the multiple T-maze test is that it uses a more complex choice system, with multiple choice points, and thus, can be used to test both reference and working memories \[[@B38]\]. Elizalde et al. \[[@B39]\] showed that the mice exposed to chronic mild stress showed long-lasting behavioral effects and recognition memory deficits as demonstrated by a significant increase in the swimming latency time compared to that in controls. Chen et al. \[[@B1]\] showed that the total time and number of mistakes in stressed groups in a water maze test increased in comparison to those in a control group. In this study, the adult rats from the ST group showed a significant increase in the mean time needed to reach the goal and in the number of errors, which indicates that the chronic mild stress used in this study induced cognitive impairment.

Studies have suggested that polyphenolic compounds may be involved in protecting cognitive functioning through their antioxidant activities \[[@B13]\]. Positive effects of polyphenolic consumption include direct effects on signaling, shown to enhance neuronal communication, the ability to buffer against excess calcium, the enhancement of neuroprotective adaptations, and the reduction of stress signals \[[@B40]\]. The major classes of berry phenolic compounds include flavonoids such as flavonols, flavanols, and anthocyanins, condensed tannins, hydrolysable tannins, stilbenoids, and phenolic acids \[[@B41]\]. It appears that berry fruits mediate signaling pathways involved in inflammation and cell survival, in addition to enhancing neuroplasticity, neurotransmission, and calcium buffering, all of which lead to attenuation of age- and pathologic-related deficits in behavior \[[@B10]\]. In this study, the cognitive impairment induced in adult rats by the chronic mild stress was improved by the supplementation of the blueberry drink. The mean time to reach the goal and the number of errors in the multiple T-maze test were significantly lower in the ST + B group than those in the ST group and similar to the results shown by the CO group. Thus, our findings indicate that dietary supplementation with a blueberry drink may protect and increase the spatial working memory and learning ability of adult rats exposed to chronic psychological stress. This is similar to the results of other studies that reported protective effects of blueberries on cognitive impairment induced by injections of kainic acid to the hippocampus \[[@B24]\] and by ^56^Fe particle irradiation \[[@B25]\].

The metalloproteins SOD, CAT, and GPx provide the first line of antioxidant defense against reactive oxygen species through enzyme-catalyzed dismutation of O~2~- to H~2~O~2~, which is further reduced to oxygen and water \[[@B42]\]. Chronic stress has been shown to increase the vulnerability of the brain, particularly the hippocampus, by altering the antioxidant capacity through the mediation of glucocorticoids. Papandreou et al. \[[@B43]\] have shown that after short-term supplementation with blueberry powder, a significant antioxidant enhancement was observed in adult mouse brains. In the current study, although no effects were observed on SOD and CAT, the brain GPx level was significantly lowered by the chronic mild stress and restored by the supplementation of the blueberry drink. Ascorbic acid can act as an antioxidant and oxygen radical scavenger, and has been detected in high amounts in brain tissue. Moreover, it has been shown that ascorbic acid acts as a neuromodulator of both glutamate- and dopamine-mediated neurotransmission and is an essential co-factor in the synthesis of norepinephrine and many neuropeptides \[[@B44]\]. It has been shown that short- and long-term supplementation with ascorbic acid results in positive effects on memory and passive avoidance learning in rats \[[@B45]\]. In our study, the concentration of ascorbic acid in the brains of the rats from the ST group was significantly lower than in those from the other groups; however, dietary supplementation with the blueberry drink significantly improved the ascorbic acid content in the brain.

It is well known that the sympathetic nervous system is closely involved in the regulation of the stress response. Psychological stress activates the sympathetic nervous system, and, in turn, catecholamines are released from the sympathetic nerve terminal and the adrenal medulla. Catecholamines include norepinephrine, epinephrine, and dopamine, which are involved in the modulation of the body\'s cognitive and emotional state and other psychoactivities. Norepinephrine and dopamine levels decrease upon experiencing psychological stress \[[@B1]\]. In the current study, the levels of norepinephrine and dopamine in the plasma of the ST group were lower than those in the plasma of the CO group, and these deficits were significantly ameliorated by the blueberry supplementation. Furthermore, the catecholamine levels in the CO + B group were slightly higher than those in the CO group. A significant decrease in the GPx level was detected in the ST group in this study; therefore, chronic mild stress may produce oxidants \[[@B35]\]. Increases in oxidative stress and hydrogen peroxide attenuated the dopamine release in the dorsal striatum and decreased the basal dopamine levels \[[@B46]\]. Thus, the supplementation of blueberry, having a high antioxidant power, possibly ameliorated the oxidative damage induced by the stress, which resulted in a significant improvement of the dopamine level in the ST + B group in this study.

Based on the compositional analysis, 1 g of the blueberry powder in this study contained 19.96 mg of total polyphenols in gallic acid equivalents (data not shown). The approximately 5.5 g/kg of body weight of the blueberry powder consumed daily by the rats equated to the amount of polyphenols in 53 g of fresh whole blueberries, based on the polyphenol content \[[@B47]\]. The amount of raw blueberries given to the animals (53 g) would correspond to approximately 515 g of raw blueberries for a human adult weighing 60 kg, using the formula for a human equivalent dose based on the body surface area \[[@B48]\]. Further, the amount of the blueberry powder, 5.5 g/kg of body weight of the rats, would correspond to 0.88 g/kg of body weight of human adults according to the equation \[[@B48]\]. Future studies should investigate different concentrations of blueberry drinks to maximize the protective effects of blueberry on the cognitive impairment caused by chronic mild stress.

In conclusion, our findings suggest that blueberry supplementation may protect against the cognitive impairment induced by chronic psychological stress. These results may be due to the antioxidant and neuroprotective effects of a blueberry drink, resulting from the high concentrations of polyphenols and flavonoids found in blueberry. Based on these findings, blueberry appears to have potential benefits in terms of prevention of a cognitive decline during stress, and these effects may extend to the cognitive decline associated with other neuropathic diseases.
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![Effects of the blueberry drink on the mean time to reach the goal in the multiple T-maze water test on two days in adult rats under chronic mild stress conditions.\
(A) mean time to reach the goal on the first day of the multiple T-maze water test and (B) mean time to reach the goal on the second day of the multiple T-maze water test. The data are expressed as the mean ± SE of 12 animals per group. Significant differences between the stress (ST) and blueberry drink (B) or interaction between these factors (ST × B) were tested by two-way ANOVA and expressed as *P*-values, followed by Fisher\'s LSD test. Different letters represent statistical differences between the means (*P* \< 0.05).](nrp-11-25-g001){#F1}

![Effects of the blueberry drink on the total number of errors in the multiple T-maze water test on two days in adult rats under chronic mild stress conditions.\
The data are expressed as the mean ± SE of 12 animals per group. Significant differences between the stress (ST) and blueberry drink (B) or interaction between these factors (ST × B) were tested by two-way ANOVA and expressed as *P*-values, followed by Fisher\'s LSD test. Different letters represent statistical differences between the means (*P* \< 0.05).](nrp-11-25-g002){#F2}

###### Time and length of activities used in the chronic mild stress procedure
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###### Effects of the blueberry drink on body weight, brain weight, and water and food intake in adult rats under chronic mild stress conditions
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Data are expressed as the mean ± SE of 12 animals per group.

^1)^ Significant differences between the chronic mild stress (ST) and blueberry drink (B) or interaction between these factors (ST × B) were tested by two-way ANOVA and expressed as *P*-values, followed by Fisher\'s LSD test.

^2)^ Mean values with different superscript letters are significantly different (*P* \< 0.05).

###### Effects of the blueberry drink on brain superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and ascorbic acid levels in adult rats under chronic mild stress conditions
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Data are expressed as the mean ± SE of 12 animals per group.

^1)^ Significant differences between the stress (ST) and blueberry drink (B) or interaction between these factors (ST × B) were tested by two-way ANOVA and expressed as *P*-values, followed by Fisher\'s LSD test.

^2)^ Mean values with different superscript letters are significantly different (*P* \< 0.05).

###### Effects of the blueberry drink on plasma norepinephrine, epinephrine, and dopamine levels in adult rats under chronic mild stress conditions
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Data are expressed as the mean ± SE of 12 animals per group.

^1)^ Significant differences between the stress (ST) and blueberry drink (B) or interaction between these factors (ST × B) were tested by two-way ANOVA and expressed as *P*-values, followed by Fisher\'s LSD test.

^2)^ Mean values with different superscript letters are significantly different (*P* \< 0.05).
